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ABSTRACT 
7KH SKDVHVKLIWLQJ WUDQVIRUPHU LV
XVHG WR FRQWURO WKH ͥRZ RI DFWLYH
power in a complex transmission net-
ZRUN LQFOXGLQJ WKH LPSURYHPHQW RI
transmission capacity, reliability and 
operational safety of this network. It 
LV DQ HͦFLHQW DQG HFRQRPLFDO WRRO
that helps increase the reliability and 
HͦFLHQF\ RI SRZHU ͥRZ FRQWURO LQ
an overloaded transmission line in 
which it is installed. Therefore, infor-
mation about its technical condition 
is also important in order to ensure 
reliable operation. This article focus-
HVRQDQRYHODSSURDFKWRSHUIRUPLQJ
GLDJQRVWLF WHVWV RQ SKDVHVKLIWLQJ
transformers and presents several 
measurement cases which emphas-
ize the importance of characteristic 




power system, quadrature booster 
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A novel approach to 
comprehensive tests on 
phase-shifting transformers
Phase-shifting transformers are used 
to control the power flow in a complex 
transmission network, improving 
transmission capacity, reliability and 
operational safety
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1. Introduction
Today’s power systems are usually not 
limited to one country or region, often 
comprising of multiple interconnected 
networks from different countries. These 
“cross-border” connections can either 
enable synchronous operation of mul-
tiple networks or establish a non-syn-
chronous link between independently 
operated networks. The benefit of inter-
connected power systems is the mutual 
reservation of electric power which has 
become more important over the de-
cades due to the increase of distributed 
energy resources (DER).
Concurrently, there are also disadvan-
tages of interconnected power systems, 
such as unplanned circular flows, which 
can occur if the active power flow be-
tween subsystems cannot be controlled. 
These circular flows occupy part of the in-
terconnection, which reduces the systems 
available transfer capability and thereby 
increases the losses. In critical situations, 
this may lead to a reduction of energy 
supply to consumers. One way to control 
this type of phenomena is the installation 
of phase-shifting transformers (PSTs) in 
synchronous connections. They are ca-
pable of controlling the power flow in the 
branch in which they are installed, thus 
affecting the change of power distribution 
in the network environment. This article 
focuses on the operational principle of a 
PST and some of the challenges during 
on-site and factory acceptance testing of 
these special types of transformers.
2. Principle of power 
regulation
The basic principle of power regulation 
using a PST can be explained by a sim-
plified network. Consider a 100 MVA 
source (S) connected to the load (L) via 
two parallel power lines (L1 and L2) with 
their respective line impedances (ZL1 and 
ZL2). The losses along the line are deter-
mined by the line parameters and result 
in a phase shift between the source- and 
load-side voltages. Given that ZL1 and ZL2 
are equal, the power transmitted via both 
power lines will be evenly distributed. In 
such a system, the power will always be 
distributed according to the line parame-
ters and cannot be regulated. Therefore, 
PSTs are used to introduce an additional 
phase shift between the load and source, 
in order to regulate the power flow across 
both lines.
In general, depending on the type of the 
PST, it is possible to regulate the flow of 
active and reactive power (depending on 
the PST construction):
S =               ∙[sin(α)+j cos (α)-      ]     (1)
Dependence of transmitted active and re-
active power (1) taking into account the 
PST:
SPST =                           ∙[sin(α+φ)+ j cos(α+φ)-     ]     (2)
where US is the source side voltage S; UL 
is the load side voltage L; XL is reactance 
of the line (circuit) in which the PST has 
been installed; XPF is the internal PST re-
actance; α is the phase angle between sys-
tems.
In the given example, a negative phase 
shift is introduced in the branch whereby 
the shifter is installed by placing the PST 
in the retard position which decreases the 
power transmitted in this branch. Due to 
the fact that the sum of the power trans-
mitted across both lines remains the same, 
the power in the other branch increases. 
By placing the PST in the advance posi-
tion and introducing a positive phase shift, 
the power distribution is completely op-
posite to the previous case. This time, the 
power flowing in the branch where the 
PST is located increases, while the power 
in the branch without the PST is reduced.
The example above only illustrates active 
power regulation by means of adjusting 
the phase angle, which is usually referred 
to as symmetrical regulation. It is, in addi-
tion, possible to regulate the flow of reac-
tive power, which can be achieved by in-
fluencing the ratio between the source and 
load voltage. PSTs which regulate both ac-
tive and reactive power are referred to as 
asymmetric phase-shifting transformers. 
For the purpose of this article, the discus-
sion will be limited to symmetrical PSTs.
3. Operating principle of the 
symmetrical PST
The basic concept of phase angle adjust-
ment is based on adding an additional 
voltage to the voltage present in the 
main path with a 90° phase shift (quad-
rature voltage, ΔU). Depending on the 
magnitude and polarity of the induced 
voltage, the phase angle can be adjus-
ted. For this purpose, PSTs are used and 
usually consist of two transformers – A 
series unit and an exciting unit inter-
connected in a way that allows phase 
adjustment between the source and the 
load side. The construction example in 
the symmetrical single-stair version is 
described in Figure 2.
Figure 1. Basic circuit network diagram, double infeed, including power control via PST
7KH EDVLF FRQFHSW RI SKDVH DQJOH DGMXVW-
ment is based on adding an additional volt-
age to the voltage present in the main path 
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Figure 2. The wiring system of the symmetrical phase shifter windings
As the terminals of the EU are not acces-
sible on site, individual tests of the EU are 
usually only possible in the factory
3.1.Series unit
The series unit (SU) is the main element 
of the PST, whose primary winding is 
connected in series to the power line 
between the source S and load L. In the 
symmetric PST version, the primary 
winding SU consists of two parts divided 
symmetrically between the sides S and L. 
Between the two separated parts of the 
primary winding, the SU is connected to 
the primary winding of the exciting unit 
(EU), Figure 2. The secondary winding 
of the SU is connected in delta with the 
secondary winding of the EU to introduce 
a voltage shifted by 90° compared to the 
supply voltage.
3.2. Exciting unit
The purpose of the exciting unit (EU) is 
to transform the voltage derived by the 
primary winding of the SU in amplitude 
and phase angle, so that it can be re-in-
duced by the secondary winding of the 
SU. Therefore, the primary winding of the 
EU is connected between the symmet-
rically separated coils of the SU primary 
winding, Figure 2. Such a connection 
enables the phase adjustment between 
S - L without changing the amplitude 
of the load side voltage UL. To regulate 
the magnitude of the quadrature voltage 
Figure 3. Vector diagram of voltages at individual stages of transformation for the unload PST state
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and therefore the phase angle between the 
source and load side of the PST, the sec-
ondary winding is equipped with an on-
load tap-changer (OLTC).
To illustrate the principle of the quadrature 
voltage introduction, Figure 3 presents 
a number of vector diagrams at different 
operational stages of the transformation. 
Voltage values shown are for symmetrical 
PST with a nominal voltage of 400 kV and 
adjustment angle ± 20° [1]. The colours of 
the windings in Figure 2 are the same as 
the colours of the vectors in Figure 3.
The standard [2] distinguishes between 
two types of phase shifters, depending on 
whether the series and the exciting unit 
are housed in two separate or one single 
tank. Regardless of the selected design, the 
idea of operation is always the same – the 
difference lies in the implementation of 
the voltage ΔU, as well as in the advantages 
and disadvantages of the solution. When 
choosing the type of PST structure, many 
aspects are taken into consideration, but 




When PSTs are installed in the field, the 
terminals of the EU are usually not acces-
sible. While it is common to install tem-
porary bushings for the purpose of testing 
during factory acceptance, this option 
rarely exists during on-site field testing. 
Therefore, individual tests of the EU are 
usually only possible in the factory. Table 
1 lists several electrical tests which are part 
of standard acceptance testing of the series 
and exciting units. It shall be noted that 
Table1 lists tests which have been chosen in 
the context of this article because they are 
suited to show the characteristic behaviour 
Figure 4. One-time connection of the three-phase transformer test system to perform all 
electrical tests according to Table 1
Table 1. Selected electrical tests on PSTs for factory acceptance testing (FAT) and on-site testing
A portable three-phase transformer test 
system is used to perform a simultaneous 
measurement of the phase shift, voltage 
turns ratio and exciting current of all three 
phases
100    TRANSFORMERS  MAGAZINE  |  Volume 6, Issue 1  |  2019
DIAGNOSTICS
tween the source and load side terminals 
is only achieved by the introduction of the 
quadrature voltage.
4.1. Series unit measurement
Analog to measuring the voltage ratio 
at different tap positions of a common 
network transformer, it is important to 
verify the specified phase-shifting range 
be tween the line terminals of the S and L 
sides of the PST. 
In this case a portable three-phase trans-
former test system, as illustrated in Figure 
4, is used to perform a simultaneous mea-
surement of the phase shift (see Figure 5), 
voltage turns ratio (see Figure 6), and ex-
citing current of all three phases. The re-
sults confirm the operating range between 
+10° and -10° and a step width of 0.87° 
under no-load condition.
A big challenge for testing engineers, 
especially during commissioning testing 
on site, is to determine whether the PSTs 
are operating in advance or retard position, 
that is, whether the PSTs are enhancing or 
blocking the power flow in the respective 
branch, Figure 1. This is required to 
define the source and load side terminals. 
Using a three-phase measurement, the 
phase relation of the source and load side 
voltages and currents can conveniently be 
displayed in a vector diagram to determine 
the state of the control. An example of the 
results obtained at different tap positions 
is shown in Table 2.
winding of the series unit is connected in 
series (III) and the secondary winding is 
connected in a delta (d) without a phase 
shift. The primary and secondary side of 
the exciting unit are both connected as a 
wye with neutral connection (YNyn) and 
a 0° phase shift between the two sides. 
The phase shift between -10° to +10° be-
of PSTs and are usually part of any factory 
acceptance or on-site test procedure. How-
ever, they do not represent the complete 
list of tests that may be performed. In our 
case, the test object is a 500 MVA, 230 kV, 
symmetrical IIId/YNyn0 transformer, 
with a phase-shifting range between -10° 
and +10°. This means that the primary 
Figure 5. The results of the phase shift measurements "S" - "L" as a function of the OLTC position of the excitation unit
A big challenge on site is to determine 
whether the PST is operating in advance or 
retard position, i.e. whether it is enhancing 
RUEORFNLQJWKHSRZHU̩RZLQWKHUHVSHFWLYH
branch
Table 2. The results of phase shift measurements S - L for three characteristic positions
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The vector interpretation of the mea-
surement results of the phase shift con-
trol direction gives an unambiguous 
indication of which voltage vector of 
the S or L side is delayed or ahead of 
the other. Thanks to this vis uali za tion 
of the measurement results, an addi-
tional oscilloscope recording which 
would require additional equipment 
and increase the testing time is not re-
quired.
It is possible to determine the mathemat-
ical values of the additional voltage ΔU 
which should be introduced between the 
US - UL voltage vectors to obtain the de-
sired phase shift [3]:
ΔU =            ∙sin(    ),                                      (3)
Figure 6. Measurement results of the voltage ratio S - L of the serial unit as a function of 
the OLTC position of the excitation unit
Using a three-phase transformer test sys-
WHPLVDYHU\IDVWDQGH̪FLHQWZD\WRYHUL-
fy the operation parameters of PSTs during 
FRPPLVVLRQLQJDQGPDLQWHQDQFHLQWKH̨ HOG
Figure 7. Measurement results of the voltage converter of the excitation unit as a function of the OLTC position
Figure 8. Results of phase shift measurements of the excitation unit as a function of the OLTC position
2∙ULL φ
√3 2
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where ULL equals PST phase-to-phase 
voltage, and φ is the expected phase shift 
between S - L.
The voltage value ΔU will be calculated 
for the PST analyzed as well as the exem-
plary two control positions of the 5° and 
10° phase:
ΔU50 =            ∙sin(    ) = 11.08 kV             (4)
ΔU100 =            ∙sin(     ) = 22.014 kV         (5)
By measuring the ratio between the S and 
L side of the SU, it is possible to identify 
the type of PST under test. A constant 
voltage ratio over the entire phase-shifting 
range, Figure 6, is indicative of the sym-
metrical PST. This is caused by the fact 
that the voltage ΔU (see Figure 3) is intro-
duced between the symmetrically divided 
coils of the main winding (as in Figure 2). 
A change in phase angle and ratio would 
indicate an asymmetrical regulation, that 
is, adjustment of both active and reactive 
power.
4.2. Exciting unit measurement
The first measurement for the EU is to 
check the voltage ratio for all tap-chan-
ger positions. By changing the voltage 
ratio of the EU, the magnitude of the 
quadrature voltage and, thus, the phase 
shift between the source and the load 
side can be adjusted. Figure 7 shows the 
ratio changing between 4.52 to 54.19 for 
positions 1 through 12 and vice versa 
for positions 12 through 25. Positions 
13A through 13B are the positions of the 
change-over selector to switch the polar-
ity of the regulating winding, as shown 
in Figure 8. 
Although, according to the nameplate, 
the phase shift of the EU is denoted 
with 0 – 0°, the change in polarity is 
clearly visible when measuring the pha-
se shift between the two windings for 
vector group 6 – 180°, Figure 8. This 
change in polarity is required to oper-
ate the PST in either advance or retard 
position.
Conclusion 
Phase-shifting transformers (PSTs) 
are an important part of today’s syn-
chronous power networks. Due to the 
changing generation infrastructure, 
they are likely to play an even more im-
portant role in ensuring the reliability 
of power grids in the future. As PSTs are 
usually installed at critical nodes in the 
network, the time for off-line mainte-
nance is very valuable. The results have 
shown that using a three-phase trans-
former test system is a very fast and effi-
cient way to verify the operation param-
eters of PSTs during commissioning and 
maintenance in the field. By looking at 
an example of the symmetrical PST, we 
have shown how the operation principle 
as a combination of series and exciting 
units can be easily verified during fac-
tory acceptance testing. The same ap-
proach can also be used for the asym-
metrical PST.
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